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ABSTRACT: Glutaconyl-coenzyme A (CoA) is the presumed enzyme-bound intermediate in the oxidative
decarboxylation of glutaryl-CoA that is catalyzed by glutaryl-CoA dehydrogenase. We demonstrated
glutaconyl-CoA bound to glutaryl-CoA dehydrogenase after anaerobic reduction of the dehydrogenase
with glutaryl-CoA. Glutaryl-CoA dehydrogenase also has intrinsic enoyl-CoA hydratase activity, a property
of other members of the acyl-CoA dehydrogenase family. The enzyme rapidly hydrates glutaconyl-CoA
at pH 7.6 with akey of 2.7 s1. The ket in the overall oxidatior-decarboxylation reaction at pH 7.6 is
about 9 st The binding of glutaconyl-CoA was quantitatively assessed fronKthén the hydratase
reaction, 3«M, and theK;, 1.0uM, as a competitive inhibitor of the dehydrogenase. These values compare
with Ky, andK; of 4.0 and 12.9M, respectively, for crotonyl-CoA. Glu370 is the general base catalyst

in the dehydrogenase that abstractsoaproton of the substrate to initiate the catalytic pathway. The
mutant dehydrogenase, Glu370GlIn, is inactive in the dehydrogenation and the hydratase reactions. However,
this mutant dehydrogenase decarboxylates glutaconyl-CoA to crotonyl-CoA without oxielegitunction
reactions of the dehydrogenase flavin. Addition of glutaconyl-CoA to this mutant dehydrogenase results
in a rapid, transient increase in long-wavelength absorbahnges 725 nm), and crotonyl-CoA is found

as the sole product. We propose that this 725 nm-absorbing species is the delocalized crotonyl-CoA anion
that follows decarboxylation and that the decay is the result of slow protonation of the anion in the absence
of the general acid catalyst, Glu370(HIn the absence of detectable oxidatiorduction, the data indicate

that oxidation-reduction of the dehydrogenase flavin is not essential for decarboxylation of glutaconyl-

CoA.

Glutaryl-CoA! dehydrogenase is a homotetrameric flavo-
protein dehydrogenased) that catalyzes the oxidation of
glutaryl-CoA to crotonyl-CoA, CQ and 2 equiv of a one-

The reductive half-reaction of the dehydrogenase flavin
(reaction 1) involves abstraction of tipgo-R-hydrogen at
C-2 of the substrate by Glu370, the catalytic base, followed

electron-reduced electron acceptor such as the physiologicaby or concerted with hydride transfer from C-3 to the flavin
electron acceptor, electron-transfer flavoprotein (ETF), or a prosthetic group3—5). Thetrans-2-enoyl-CoA product of

suitable artificial electron acceptdt,(2). The reaction occurs

the reductive half-reaction is presumed to be glutaconyl-CoA;

in three discrete steps, and the mechanism of the reductivenowever, this intermediate has never been directly demon-

half-reaction (reaction 1) is very similar to that of other
members of the acyl-CoA dehydrogenase famidy-5).
E-FAD,, + glutaryl-CoA=
[E-FADH,-glutaconyl-CoA] (1)
[E-FADH,-glutaconyl-CoAl+ ETF,, =
[E-FAD,. crotonyl-CoA]+ CO, + ETF, (2)
[E-FAD, -crotonyl-CoA]+ ETF, =
E-FAD,, + crotonyl-CoA+ ETF, (3)
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strated. Crotonyl-CoA and CQare the sole products derived
from glutaryl-CoA and it is assumed that glutaconyl-CoA
remains tightly bound to the enzyme in the catalytic pathway
(1, 2. Gomes et al.g) showed that reoxidation of the flavin

in Pseudomonas fluorescegtutaryl-CoA dehydrogenase
was required for decarboxylation when the enzyme was
reduced with glutaryl-CoA. Because crotonyl-CoA is capable
of stabilizing the semiquinone form of the dehydrogenase
flavin in the Paracoccus denitrificandehydrogenase, Byron

et al. (7) proposed that one-electron oxidation of the flavin
dihydroquinone (reaction 2) is necessary for decarboxylation
of glutaconyl-CoA.

Chemical synthesis of glutaconyl-CoA is difficult. How-
ever, Bickel and co-workersg, 9) reported the enzymatic
synthesis of glutaconyl-CoA from glutaconate and acetyl-
CoA using a recombinant glutaconate-CoA transferase from
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synthesis of glutaconyl-CoA in good yield to investigate the

1 Abbreviations: CoA, coenzyme A; ETF, electron-transfer flavo-
protein; FAD, flavin adenine dinucleotide; GCD, glutaryl-CoA dehy-
drogenase; FcRFferrocenium hexafluorophosphate.
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interaction of glutaryl-CoA dehydrogenase with the inter-
mediate and decarboxylation of this 2-enoyl-CoA product
of the reductive half-reaction of the dehydrogenase with
glutaryl-CoA. Hydration of the presumed intermediate by
an intrinsic enoyl-CoA hydratase activity of human glutaryl-
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the synthetic reaction product showed a single compound
(IM + H]*, m/z 880.6) as expected. The purified product
was shown to have a ratisonnAzz2nmOf 1.65—1.69, which
compares to a ratio of 1.7 for crotonyl-CoA and a ratio of
about 2.0 for saturated acyl-CoAs. All of these data were

CoA dehydrogenase was also investigated. Hydration of consistent with the expected structure. However, by the

glutaconyl-CoA requires the catalytic base, Glu370. The

gradient HPLC methodld), a second peak that eluted about

wild-type dehydrogenase and the Glu370GIn and Arg94GIn 2 min after the main peak of glutaconyl-CoA was detected.

mutants catalyze decarboxylation of glutaconyl-CoA without
oxidation—reduction reactions of the flavin. In the experi-
ments with the Glu370GIn mutant, a long-wavelength-

This latter peak consistently contributed-180% of the total
glutaconyl-CoA. The minor component reappeared when the
main peak of glutaconyl-CoA was rechromatographed in

absorbing (725 nm) species rapidly appears and then decaysolvent system B1{@). *H NMR spectroscopy indicated the

with first-order kinetics, suggesting that it may be the
delocalized anion of crotonyl-CoA.

EXPERIMENTAL PROCEDURES

Materials.Ferrocenium hexafluorophosphate (FePkas
obtained from Aldrich. Glutaconic acid=@7%) was pur-
chased from Fluka and used without further purification.
Acetyl-CoA, glutaryl-CoA, CoASH, and crotonyl-CoA were
purchased from Sigma. Alternatively, glutaryl-CoA, crotonyl-
CoA, and acetyl-CoA were synthesized by reaction of the
corresponding anhydrides with CoASH and purified as
described %, 10. 3-Hydroxyglutaryl-CoA was synthesized
enzymatically from glutaconyl-CoA by use of purified

presence of about 15%ans-3-glutaconyl-CoA, which is
consistent with the observation that the transferase exhibits
some isomerase activity to yield the resonance-stabilized
trans-3-isomer (3).

Analytical MethodsN&,S,0, was standardized by anaero-
bic titration of KsFe(CN) (15). Acyl-CoA esters for analysis
by HPLC and mass spectrometry were isolated from reaction
mixtures essentially as described by Cork&4)( Trichloro-
acetic acid was added to a final concentration of 10%, and
precipitated protein was removed by centrifugation. The
trichloracetic acid was removed by five extractions with an
equal volume of diethyl ether, and the resulting aqueous layer
was lyophilized. The sample was taken up in a minimal

porcine heart crotonase (2720 units/mg), which was the amount of HO and adjusted to pH 3.0 with 0.1 mL of 0.5

generous gift of Dr. Horst Schulz, City College of New York
(112). 3-Hydroxybutyryl-CoA was synthesized enzymatically
from crotonyl-CoA by use of crotonase purchased from
Sigma.

Enzymes.Wild-type recombinant human glutaryl-CoA

M phosphoric acid. The reaction mixture was applied to a
Cis Sep-Pak cartridge, which was then washed extensively
with H,O, pH 3.0, and the acyl-CoA esters were eluted with
methanol. Samples were dried, resuspended in50f
water, and analyzed by mass spectrometry and analytical

dehydrogenase and the mutant glutaryl-CoA dehydrogenasesteversed-phase HPLC in the acetonitrile/potassium phosphate
Glu370GIn and Arg94GIn, were expressed and purified as gradient (4). Alternatively, some incubations were con-

described by Dwyer et al5( 12).

Synthesis of Glutaconyl-CoAhe plasmid pMM2, con-
taining the two genes encoding tiAeidaminococcus fer-

ducted in 0.01 M (NEH)CO:H, pH 7.6, and acidified with
acetic acid to pH 3.0, and protein was removed with an
Amicon Centricon YM30 centifugal filter. When the enzyme-

mentan$|utaconate coenzyme A-transferase Subunitsy was bound acyl'COAS were determined after anaerobic reduction

a generous gift from Dr. Wolfgang Bkel (9). Recombinant

with substrate, we used a modification of the rapid quench

glutaconate coenzyme A-transferase was expressed andnethod of Lau and Thorpd§). The reaction was terminated

purified from Escherichia coliDH50 (9). The specific

with an equal volume of anaerobic 20% trichloroacetic acid,

activity of the transferase preparations used in this study Which was substituted f& M HCl in the original procedure.

varied from 132 to 137 units/mg.

The synthesis of glutaconyl-CoA from acetyl-CoA and
glutaconate was carried out as describ&g),(on a 30 mL
scale with 400 units of the partially purified CoA transferase.

Samples were processed as described above for the trichloro-
acetic acid precipitation protocol. Acyl-CoA thioesters were
analyzed by mass spectrometry and HPLC in solvent system
A (13), and/or solvent system B.4) on a 5um, Cigreverse-

The synthesis was carried out at room temperature andPhase column (0.45% 25 cm) as described.

followed spectrophotometrically at 280 nm in a 0.1 cm path
length quartz cuvette. Equilibrium was reached in-38
min. The pH of the reaction was adjusted te3with 0.5

Analytical HPLC was conducted with the following
solvent systems. In solvent system A, the column was
developed isocratically with 85% 0.05 M potassium phos-

M H,SO, and denatured protein was removed by centrifuga- phate, pH 2.5/15% methandl3). Solvent system B was a

tion. The reaction was diluted 5-fold with,® and applied

to a DEAE-cellulose column (2.5 15 cm) equilibrated with

3 mM HCI and washed with 4 column volumes of 3 mM
HCI. The column was then eluted with a linear gradient (1400
mL) to 0.25 M LiCl in 3 mM HCI. This chromatography

gradient of 0.1 M potassium phosphate, pH 5.0/acetonitrile
described by Corkeyld). Retention times (in minutes) of
pertinent analytes in solvent system B were as follows:
CoASH (37), glutaconyl-CoA (59), glutaconyl-Cothans
3-isomer (61), acetyl-CoA (60), glutaryl-CoA (61), 3-hy-

separated unreacted glutaconate and acetyl-CoA from glutadroxyglutaryl-CoA (62), 3-hydroxybutyryl-CoA (62), FAD

conyl-CoA. The product, glutaconyl-CoA, was desalted by

(64), and crotonyl-CoA (67). Acyl-CoA standards were

chromatography on Sephadex G-10. Glutaconyl-CoA was chromatographed immediately before a sample was analyzed

lyophilized and stored dry at80 °C.

to ensure accuracy of retention times. Elution was monitored

The purity of glutaconyl-CoA was assessed by mass at 260 nm and relative concentrations were determined by
spectrometry and analytical HPLC. Mass spectrometry of integration of the area under the peaks.
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Since the elution times of some acyl-CoA esters were very

similar, samples were also analyzed by mass spectrometry.

Electrospray ionization mass spectra were obtained with a
PE Sciex API-3000 triple-quadrupole mass spectrometer with
a turbo ionspray source, interfaced with a Perkin-Elmer
Series 200 HPLC system. Samples were analyzed in flow
injection mode with a PhenomenexsQuard column in
isocratic 75% methanol in water containing 0.01 M am-
monium acetate at a flow rate of 2@Q/min and sample
injection volume of 2QuL. The mass spectrometer settings
were as follows: turbo ionspray temperature, 3GQneedle
spray, 4500 V; declustering potential, 30 V; focus plate, 175
V. Mass spectra were acquired from Q1 in the positive-ion

mode, scanning the mass range from 500 to 1200 amu every

3s.

'H NMR spectra were acquired with a Bruker Avance
DRX 500 operating at 500.13 MHz.

Anaerobic experiments were carried out after repeated
evacuation and purging of the reaction mixtures with argon.

Westover et al.
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Ficure 1: Identification of the acyl-CoA product of glutaryl-CoA
dehydrogenase turnover by HPLC. Glutaryl-CoA (8®) was
oxidized with 40 nM GCD in the presence of 200 FcPF as

the electron acceptor in 0.05 M potassium phosphate, pH 7.6, 25

The reactions contained 0.4 mM protocatechuate and, after°C. The reaction was followed to completion by monitoring the

evacuation and purging, were treated with 0.5 unit of
protocatechuate dioxygenase to remove residual oxygén (

Enzyme Assay$lutaryl-CoA dehydrogenase was rou-
tinely measured in reactions containing 0.01 M potassium
phosphate, pH 7.6, 30M glutaryl-CoA, and 20QtM FcPFs
(e300nm = 4.3 x 10®* Mt cm™1) as the terminal electron
acceptor ). When glutaconyl-CoA and crotonyl-CoA were
evaluated as inhibitors of GCD with respect to glutaryl-CoA,
the data were fit to the following equation for competitive
inhibition by Grafit 4.0 (Erithacus Software Ltd.):

Vmax [S]
(1]
K) +[S]

V=

Km(l -

Enoyl-CoA hydratase activity was determined spectro-
photometrically by following the decrease in absorbance at
280 nm due to the hydration of theans-2 double bonds of
glutaconyl-CoA or crotonyl-CoA. Reaction mixtures con-
tained 0.05 M potassium phosphate buffer, pH 7.0, and 50
uM enoyl-CoA unless otherwise indicated. Activity was
calculated by using\ezgonm = 3.6 x 10° M~t cm™ (18).

decrease in absorbance at 300 nm due to reduction ofsFGRE
product, crotonyl-CoA, was identified by HPLC in solvent system
B (retention time 67 min) and by mass spectrometry (fVH]"
m/z 836.5).
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FIGURE 2: Anaerobic titration of wild-type GCD with glutaryl-
CoA. The dehydrogenase (2&1) was titrated with glutaryl-CoA
under anaerobic conditions in 0.05 M potassium phosphate, pH 7.6,
and 10% glycerol, 25C. Complete spectra were recorded, and

The glutaconate coenzyme A-transferase was assayed wittihe figure shows the changes in the absorbance at 44Tiythe

glutaryl-CoA and acetate as substrates; acetyl-CoA formation
was determined in the coupled assay described gk&u
et al. ).

RESULTS

Products of Glutaryl-CoA OxidationGlutaryl-CoA (30
uM) was incubated aerobically with 40 nM glutaryl-CoA
dehydrogenase and 2001 FcPF as the electron acceptor
in 0.05 M potassium phosphate, pH 7.6, at 5. The
reaction was followed to completion by monitoring the
decrease of absorbance at 300 nm due to reduction ofgFcPF
The product of the reaction was crotonyl-CoA, as determined
by HPLC (elution time= 67 min) and mass spectrometry
(IM + H]*, Mz 836.5, not shown). These results (Figure 1)
are consistent with the experiments of Lenich and Goodman
(1) and Besrat et al.2j.

Since these early experiments @), the working hypoth-
esis for the mechanism of glutaryl-CoA has been that

visible absorption maximum of the flavin, and at 560 nj,(the
absorption maximum of the charge transfer complex, as a function
of the glutaryl-CoA:flavin ratio. The lines represent a locally
weighted least-squares fit that yields the best smooth curves through
the experimental data points.

glutaconyl-CoA is generated in the reductive half-reaction
of the dehydrogenase flavin (reaction 1). Gomes et@l. (
proposed that glutaconyl-CoA remains enzyme-bound and
is decarboxylated when the dehydrogenase flavin is reoxi-
dized by electron-transfer flavoprotein or a suitable artificial
electron acceptor (reactions 2 and 3).

In a previous paper, we showed that in an anaerobic
titration of wild-type GCD with glutaryl-CoA, equimolar
substrate reduced only 226% of the flavin B). Figure 2
shows the results of a similar experiment and illustrates the
extent of reduction of the flavin and the formation of the
charge-transfer species as a function of the substrate/flavin
ratio. The redox poise of the system is much different from
that of medium-chain acyl-CoA dehydrogenase, in which
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FiGurRe 3: Anaerobic titration of dithionite-reduced GCD with B
glutaconyl-CoA. Wild-type GCD (15M) in 0.05 M potassium 8824
phosphate, pH 7.6, 25C, was reduced by careful titration with
NaS;0, that was standardized by anaerobic titration gff&CN}.

The fully reduced enzyme was then titrated with an anaerobic
solution of glutaconyl-CoA. The figure shows the absorbance at
447 nm as a function of the glutaconyl-CoA:flavin ratio.
equimolar substrate reduces about 80% of the fla¥B). (
Figure 3 shows the flavin absorbance as a function of the 8844
glutaconyl-CoA/flavin ratio in an anaerobic titration of the 850.4_|”

fully reduced dehydrogenase with glutaconyl-CoA. The 7854 h o044
dehydrogenase was reduced with equimolasa,. The }L d

flavin is reoxidized by stoichiometric glutaconyl-CoA. There e \ b s

is no anionic or neutral semiquinone detected during the m/z

reductive titration §) or the back-titration with glutaconyl-  Figure4: Analysis of the acyl-CoA thioesters released from GCD
CoA. When the reduced enzyme was back-titrated with reduced with a 10% molar excess of glutaryl-CoA after acid
crotonyl-CoA, the results were essentially identical (not denaturation. GCD (38M) was reduced with a 10% molar excess

; ; ; ; of glutaryl-CoA under anaerobic conditions. The incubation was
shown). The experiments described in Figures 2 and 3rapidly quenched with anaerobic 10% trichloroacetic acid. The

demonstrate the interplay of (a) equilibria involved in processing and chromatography was as described under Experi-
glutaryl-CoA binding to the oxidized enzyme and internal mental Procedures. The products of the reaction were analyzed by
redox equilibria and (b) the binding of glutaconyl-CoA to HPLC (panel A) with solvent system B. The identities of the
the reduced enzyme and reversed electron transfer thatalnalytes, Fase‘j on r_et‘;““?” “mles (in mir&‘;tes)ﬁeare as follows: [1]
reflects how the enoyl-CoA modulates flavin potential in the gfuéﬁﬁgggnﬁf’éo(:%’lg; ][3% gfﬁ%rﬁf@lﬁ?arﬁtct:o Aa?gz"i;'[ic]’rg%)
physiological reactions). (64); [5] crotonyl-CoA (67). Panel B shows the mass spectrum of
In the experiments shown in Figure 4, we assessed thethe acid-soluble fraction after rapid quench and processing+[M
redox equilibrium at the active site. In these experiments, i]; LTW/ZJSgng, IZADI; EMﬁg]k_ﬁVJESNOA; Q:Tl:/taggzydl:%ﬁ;_ M
glutaryl-CoA was added tq the enzyme in a 10% molar gluta]lr)’/I-CcZ)A. The gel;ﬁ%%%.i i[sambi]u}e o§3C,2I;|,7aSn%1I5lIJ\Im
excess over flavin, and the 'nCUb,at'on was rapidly qu,enchedisotopes. The peak/z 884.4 is a mixture of3C and!®O isotopes.
with an equal volume of anaerobic 20% trichloroacetic acid.
The precipitated dehydrogenase was removed by centrifugashows glutaconyl-CoA ([M+ H]*, m/z880.4), and glutaryl-
tion. Acyl-CoAs were determined by HPLC and mass CoA ([M + H]', m/z882.4). The amount of crotonyl-CoA
spectrometry (Figure 4). The chromatogram (Figure 4A) detected by HPLC was variable and was not usually detected
shows glutaconyl-CoA (59 min), thérans3-isomer of by mass spectrometry ([M H]*, m/z836.6). The occasional
glutaconyl-CoA (61 min) and/or glutaryl-CoA (61 min), FAD  presence of crotonyl-CoA may be due to somenden the
(64 min), and crotonyl-CoA (67 min). The ratio of glutaryl- reaction was quenched and the oxidase activity of GCD.
CoA:glutaconyl-CoA was (2.5 0.2):1 in three experiments.  Crotonyl-CoA was not detected in the mass spectrum of the
This result is in reasonable agreement with the level of experiment shown in Figure 4. Other species detected in the
reduction of GCD flavin by equimolar glutaryl-CoA under mass spectrum (Figure 4B) are FAD ([MH]*, m/z 786.4)
anaerobic conditions (Figure 2 and ref 5). There is a and the sodium salt of glutaryl-CoA ([M Z]*, m/z904.4).
possibility that the low pH in the acid denaturation shifts  Binding and Hydration of Glutaconyl-CoA by Glutaryl-
internal redox equilibria that may be more than denaturation; CoA Dehydrogenas8&-Hydroxyglutaryl-CoA was occasion-
however, our results do reflect the level of reduction of GCD ally observed in experiments such as that shown in Figure
by glutaryl-CoA. Thetrans-3-isomer of glutaconyl-CoA, 4. The presence of 3-hydroxyglutaryl-CoA suggested that,
glutaryl-CoA, 3-hydroxyglutaryl-CoA, and 3-hydroxybu- like ParacoccussCD, Megasphera elsdenshort-chain acyl-
tyryl-CoA coelute on HPLC; therefore, the products of the CoA dehydrogenase and medium-chain acyl-CoA dehydro-
reaction were also identified by mass spectrometry. Massgenase 1, 20, 2}, oxidized human wild-type GCD has
spectrometry of the products of the reaction (Figure 4B) intrinsic enoyl-CoA hydratase activity and that glutaconyl-

8834
/
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Table 1: Steady-State Kinetic Constants for Glutaconyl-CoA and
Crotonyl-CoA as Substrates of the Enoyl-CoA Hydratase Activity of
Glutaryl-CoA Dehydrogenase and as Competitive Inhibitors with
Respect to Glutaryl-CoA of the Dehydrogenation Activity of Human
Glutaryl-CoA Dehydrogenase

enoyl CoA hydratase dehydrogenase
enzyme substrate activitys 1) KiP (uM)

wild-type GCD  glutaconyl-CoA 2&0Z 1.1+0.3

crotonyl-CoA 0.174 0.0r 128+ 1.6
Arg94Gin glutaconyl-CoA 0.08

crotonyl-CoA 0.01
Glu370GIn glutaconyl-CoA <0.003

crotonyl-CoA  =<0.003

a Specific activity expressed as turnover with 50 mM glutaconyl-
CoA or crotonyl-CoA for the two mutant8.K; for gluatconyl-CoA
and crotonyl-CoA as competitive inhibitors of glutaryl-CoA dehydro-
genase with respect to glutaryl-Co®kcat from extrapolation to infinite
glutaconyl-CoA or crotonyl-CoA concentration; Kmglutaconyl-CeA
3.0+ 0.7 mM; KrolomCoA = 231 + 5.2 uM.

CoA could be hydrated by the dehydrogenase. Quantitation
of the hydratase activity of wild-type GCD and the Glu370GIn

and Arg94GIn mutant dehydrogenases with glutaconyl-CoA
and crotonyl-CoA as substrates are given in Table 1. The
hydratase activities of the mutant enzymes are specific

activities expressed as apparent turnover numbers. The

activity of wild-type GCD with glutaconyl-CoA is a true
turnover number, 2.2 0.2 s%, and theK,, of glutaconyl-
CoA with wild-type GCD in the hydratase reaction is 30
0.7 uM. With crotonyl-CoA as substraté&g,; with wild-type
GCD is 0.17+ 0.01 s}, and theKn, of crotonyl CoA is
23.1+ 5.2uM. The difference in free energy of binding of
glutaconyl-CoA and crotonyl-CoA estimated frokAG, =
—RTIn (Kglutaconyt-CoAf crotony-CoA) g 5 1 kJ/mol 22), about
equal to the energy of formation of a hydrogen bond. The
keat Of the overall oxidation-decarboxylation reaction cata-
lyzed by GCD at pH 7.6 is about 9% The hydratase activity

Westover et al.
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Ficure 5: Spectral changes observed upon addition of glutaconyl-
CoA to Glu370GIn glutaryl-CoA dehydrogenase. (A) Oxidized
dehydrogenase, 18\, in 0.01 M ammonium formate, pH 7.6, 25
°C (1); the dehydrogenase immediately after addition ofu®8

of the reduced enzymes could not be determined becauseglutaconyl-CoA (2); and the absorption spectrum of the enzyme

addition of glutaconyl-CoA to a reduced enzyme simply
reoxidizes the free enzyme.

The Glu370GIn mutation abolishes detectable hydratase(r?

activity with glutaconyl-CoA and crotonyl-CoA, and the
activity of Arg94GIn GCD is reduced 97% with glutaconyl-
CoA and 75% with crotonyl-CoA as the substrates. The
percent decrease k. with glutaconyl-CoA is identical to
the percent decrease ik for the dehydrogenation of
glutaryl-CoA (12). The basis for the decrease in activity with
crotonyl-CoA as substrate is not known.

Wild-type GCD hydrates glutaconyl-CoA,; thus it was not
possible to determine the binding constant by spectropho-
tometric titration. However, th&, for glutaconyl-CoA in

and glutaconyl-CoA mixture 30 min after addition of glutaconyl-
CoA (3). (B) Rate of formation and decay of the 725 nm-absorbing
species; the line is a fit of the data to sequential first-order reactions
0.96). The reaction was carried out at 25 in 0.05 M
potassium phosphate, pH 7.5, containing 5% ethylene glycol; the
concentration of enzyme was 1M and the concentration of
glutaconyl-CoA was 2mxM.

glutaryl-CoA. Estimating the difference in the free energy
of binding from the inhibitor data yields AAG, = 6 kJ/
mol, essentially identical to the value calculated frét
values, 5 kJ/molZ2). These results are consistent with the
role of glutaconyl-CoA as a bound intermediate that is rapidly
decarboxylated and indicates that a relatively smaliG,
maintains glutaconyl-CoA in a bound state for subsequent

the hydratase reaction provides some measure of the bindingdecarboxylation.

of glutaconyl-CoA and a comparison of binding with
crotonyl-CoA, which dissociates from the protein in the
normal catalytic pathway. To pursue this point further, we
determined the inhibition of GCD by glutaconyl-CoA and
crotonyl-CoA with glutaryl-CoA as the varied substrate.
These results are also shown in Table 1. The kinetid..1

+ 0.3uM, of glutaconyl-CoA as a competitive inhibitor with
respect to glutaryl-CoA is similar to th€y,, 3.0+ 0.7 uM,

for glutaconyl-CoA in the hydratase reaction, and these
values are about-710-fold less than th&;, 12.9+ 1.6 uM,

for crotonyl-CoA as a competitive inhibitor with respect to

Decarboxylation of Glutaconyl-CoAGIu370GIn GCD
does not hydrate glutaconyl-CoA, but it was not possible to
estimate & for glutaconyl-CoA binding by direct spectro-
photometric titration because it became evident that a further
conversion of glutaconyl-CoA was catalyzed by Glu370GIn
GCD. Figure 5A shows the spectra of free Glu370GIn GCD,
15 uM, and the binary complex with glutaconyl-CoA
immediately after mixing with 3@M glutaconyl-CoA. The
absorption maximum at 444 nm is blue-shifted by 5 nm and
there is a striking increase in long-wavelength absorbance
with a maximum at about 725 nm. The chemical identity of
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this species was not immediately obvious, but the absorption A
spectrum is similar to those of acyl-CoA dehydrogenase 3
binary complexes with acyl-CoA substrate analogues such
as acetoacetyl-CoA, 3-oxoacyl-CoA, and 3-thiaacyl-CoA
thioesters. These nonoxidizable acyl-CoA analogues form
charge-transfer species of the oxidized flavin with the
delocalized C-2 anions5( 23-25). A transient long-
wavelength-absorbing speciés{x~ 800 nm) is also formed
during the inactivation of short-chain acyl-CoA dehydroge-
nase by 2-pentynoyl-CoA26). The latter species is presum-
ably the delocalized anion that forms after deprotonation at
C-4, which then decays upon formation of the allene and
covalent modification of the catalytic glutamate in the active 0 | | S
site. However, as shown in Figure 5, the absorbance at 725 40 50 60 70 80
nm is not stable. The absorption maximum of the flavin in
the 450 nm region shifts back to the red. Figure 5B shows
the increase in absorbance at 725 nm and the subsequent B
decrease in absorbance. The curve is fitted to two sequential 8304
first-order reactions with apparent rate constants of 0.04
min~! for the formation of the 725 nm-absorbing species
(ky) and 1.5 min? for the decay K) at pH 7.5. The pH
dependence was determined for both processes between pH
6.5 and 8.0, where the mutant enzyme is most stable. The
values ofk; at pH 6.5, 7.0, 7.5, and 8.0 are 0.04, 0.05, 0.04,
and 0.03 min?, respectively, and the valueslofat the same
pH values are 1.2, 2.5, 1.5, and 1.1 mfirrespectively. The
standard error for each rate constant is less than 1% and the
correlation coefficientsR?, are greater than 0.96. | L ’

The product of this reaction at pH 7.6 (Figure 5A) was i E——

analyzed by mass spectrometry and HPLC in solvent SyStemFIGURE 6: ldentification of the product generated in an incubation

B after 10 min and after 30 min. After 10 min, 75% of the ¢ ytaconyl-CoA with GIu370GIn glutaryl-CoA dehydrogenase.
glutaconyl-CoA was converted to crotonyl-CoA (Figure 6A), The mutant dehydrogenase, M, in 0.01 M ammonium formate,
and after 30 min, 95% of the glutaconyl-CoA was converted pH 7.6, 25°C, was incubated with 28M glutaconyl-CoA for 10

to crotonyl-CoA (data not shown). Crotonyl-CoA was also Min. The reaction was quenched by adjusting the pH to 3.0 with 1

. e + : M acetic acid and the enzyme was removed by centrifugal filtration.
identified by mass spectrometry ([M H]" m'z836.4, Figure (A) HPLC chromatogram of the reaction mixture in solvent system

6B). Compound 1 has the same retention timérass-3- B; the compounds were identified by retention times (in minutes):
glutaconyl-CoA, glutaryl-CoA, 3-hydroxyglutaryl-CoA, and [1] trans-3-isomer of glutaconyl-CoA (61); [2] FAD (64); [3]
3-hydroxybutyryl-CoA. However, none of these compounds crotonyl-CoA (67). (B) Mass spectrum of the analytes in the
was detected by mass spectrometry, so that compound 1 ha&action mixture identified crotonyl-CoA ([M- H]™, m/z 836.4).
not been identified. Addition of crotonyl-CoA or 2-pentenoyl-
CoA to GIu370GIn GCD did not produce the 725 nm- DISCUSSION
absorbing species, although addition of 2-pentenoyl-CoAto The acyl-CoA product of the overall reaction catalyzed
the oxidized mutant enzyme resulted in an 8% decrease inby glutaryl-CoA dehydrogenase is crotonyl-CoA. In the first
absorbance at 447 nm,da 9 nm redshift of the absorption  experiment, we demonstrated the production of crotonyl-
maximum to 456 nm. This is similar to the spectrum of the CoA under steady-state conditions from the turnover of GCD
binary complex between medium-chain acyl-CoA dehydro- in the presence of an electron acceptor. This experiment
genase and 2-octenoyl-CoR7). serves as a baseline and agrees with the work of othghs (
We also investigated the reaction of oxidized wild-type However, unlike previous studies with mammalian and
and Arg94GIn GCD with glutaconyl-CoA. When glutaconyl- bacterial glutaryl-CoA dehydrohenases, 2, 6, 3, we
CoA was added to these forms of GCD, the long-wavelength- demonstrated glutaconyl-CoA as an enzyme-bound interme-
absorbing species that was observed with Glu370GIn GCD diate when the GCD flavin is reduced with equimolar
was not detected (data not shown). However, after a 10 minglutaryl-CoA in the reductive half-reaction under anaerobic
incubation of glutaconyl-CoA with wild-type GCD, the conditions. This intermediate has been proposed but never
reaction was quenched and approximately 99% of the productdemonstratedi(7). Lau et al. 1) showed that upon addition
was identified by HPLC and mass spectrometry as 3-hy- of equimolar octanoyl-CoA to medium chain acyl-CoA
droxybutyryl-CoA ([M+ H]*, m/z854.4) (Figure 7). These  dehydrogenase under anaerobic conditions, 2-octenoyl-CoA
data indicate that the wild-type protein can decarboxylate and octanoyl-CoA were recovered in a 9:1 ratio. In the
substrate in its oxidized form, and it is likely that hydration present work, glutaconyl-CoA and glutaryl-CoA were re-
precedes decarboxylation. In the case of Arg94GIn GCD, covered in a 1:2.5- 0.2 ratio when glutaryl-CoA was added
the products detected by HPLC and mass spectrometryto wild-type GCD under anaerobic conditions. This result is
included mostly crotonyl-CoA and some 3-hydroxyglutaryl- consistent with the extent of flavin reduction in the anaerobic
CoA (Figure 8). titration of the wild-type enzyme with glutaryl-CoA, and is
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FIGURE 7: Identification of the product generated by incubation of F/GURE 8: Identification of products generated by incubation of
glutaconyl-CoA with wild-type GCD. The dehydrogenase 0, glutaconyl-CoA with Arg94GIn GCD. The mutant dehydrogenase,

in 0.01 M ammonium formate, pH 7.6, 2&, was incubated with ~ 104M, in 0.01 M ammonium formate, pH 7.6, 2&, was incubated
28 uM glutaconyl-CoA for 10 min. The reaction was quenched by With 284M glutaconyl-CoA for 10 min. The reaction was quenched
adjusting the pH to 3.0 wit 1 M acetic acid, and the enzyme was PY adiusting the pH to 3.0 wit1 M acetic acid, and the enzyme
removed by centrifugal filtration. (A) HPLC of the filtrate in solvent ~Was removed by centrifugal filtration. (A) HPLC of the filtrate in
system B identified the compounds by retention times (in min- SOIvent system B identified the compounds by retention times (in
utes): [1] trans-3-isomer of glutaconyl-CoA (61) and/or 3-hy- minutes): [1]trans-3-isomer of glutaconyl-CoA (61) and/or 3-hy-
droxyglutaryl-CoA (62) and/or 3-hydroxybutyryl-CoA (62); [2]  droxybutyryl-CoA (62); [2] FAD (64); [3] crotonyl-CoA (67). (B)
FAD (64); [3] crotonyl-CoA (67). (B) Mass spectrum of the analytes Mass spectrum of the analytes of the reaction mixture identified as
of the reaction mixture identified coenzyme A ([M H]*, m/z coenzyme A ([M+ H] ", m/z768.5), FAD ([M+ H]", m'z786.4),
768.6), crotonyl-CoA ([M+ H]*, mz 836.3), 3-hydroxybutyryl- crotonyl-CoA ([M + H]*, m/z 836.6), and 3-hydroxybutyryl-CoA
CoA (M + HJ*, mz 854.4), and the lithium sait of 3-hydroxy- (M + HI", mz854.4).
butyryl-CoA ([M + Li]*, mv/z 860.5).
structures, and relatively nonpolar with the exception of

consistent with the idea that glutaconyl-CoA is the enzyme- Arg94 in GCD that replaces a GIn residue in medium chain
bound product of the reductive half-reaction. acyl-CoA dehydrogenas@g, 29. In contrast, the residues

3-Hydroxyglutaryl-CoA can be a product of the anaerobic lining the cavity in the short chain dehydrogenase are
reductive half-reaction of glutaryl-CoA with wild-type GCD. somewhat less polar, and the cavity of the substrate binding
This product is generated by hydration of glutaconyl-CoA pocket in the region of C-2 and C-3 of butyryl-CoA (and
and its presence is not unexpecteddenitrificansGCD (7), crotonyl-CoA) is much more constrained relative to medium
porcine medium chain acyl-CoA dehydrogena2#),(and chain acyl-CoA dehydrogenase and GCD due to changes in
Megasphera elsdenghort chain acyl-CoA dehydrogenase the E and G helices that form the binding cavB@)( Binding
(20) also possess intrinsic enoyl-CoA hydratase activity, and the preferred chain length substrate of medium chain acyl-
activity was demonstrated with crotonyl-CoA. However, CoA dehydrogenase desolvates the active site, and desolva-
using optimal chain length substrates for the dehydrogenasetion is less pronounced in the case of shorter chain length
reactions, the ratio of hydratase activity to dehydrogenasesubstrates which accounts for the hydration of crotonyl-CoA
activity with the three enzymes are quite different. For human and the inability to hydrate 2-octenoyl-CoA. Steric exclusion
GCD with glutaconyl-CoA and glutaryl-CoA substrates, the of water in the region of C-2 and C-3 apparently limits the
ratio is 0.16. In the case of medium chain acyl-CoA hydratase of the bacterial short chain acyl-CoA dehydroge-
dehydrogenase, 2-octenoyl-CoA is not hydratddelsdenii nase. Therefore, it seems that a water molecule must remain
short chain acyl-CoA dehydrogenases with crotonyl-CoA and near, or reenter, the reactive center of GCD in the presence
butyryl-CoA substrates, the ratio is 0.0002. The active site of the product derived from the optimum substrate. The
cavities of medium chain acyl-CoA dehydrogenase and hydratase activity of GCD is dependent on Glu370, which
human GCD are relatively conserved between the two functions as the catalytic base in the glutaryl-CoA dehydro-
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genation pathways). Glu370 of GCD occupies a position, genase/octanoyl-CoA complef§, 29. The model permits
relative to an acyl-CoA substrate, that is very similar to hydrogen bonding of the substrate carboxylate with Arg94,
Glul64 in crotonase. Glul64 apparently functions as the appropriate positioning of the catalytic base, and hydrogen
protic amino acid following addition of hydroxyl to crotonyl-  bonding of the 2hydroxyl of the ribityl side chain of FAD
CoA at C-3. In the hydration reaction Glul44 activates the and the amide backbone hydrogen of Glu370 with the
water molecule to attack C-3 of the substra3é—-{33). carbonyl oxygen of glutaryl-CoA 29). Considering the
The decarboxylation catalyzed by the oxidized enzyme similarity of the dehydrogenation reaction of short-chain,
seemingly contradicts the earlier experiments of Gomes etmedium-chain, and glutaryl-CoA dehydrogenases and the
al. (6). In their experiments. fluorescen§CD was reduced  rather high hydratase activity of GCD, glutaconyl-CoA
aerobically with substrate, and decarboxylation of (G} appears highly polarized, and this polarization probably
glutaryl-CoA was measured in the absence of an exogenouscontributes to the hydration of glutaconyl-CoA. Decarboxy-
electron acceptor. In our experiments, glutaconyl-CoA was lation reactions usually involve an anion and a mechanism
added aerobically to the oxidized Glu370GIn mutant enzyme, that delocalizes accumulation of negative charge on an atom
which is unable to catalyze abstraction of tirgoroton and that is not particularly electronegativéd?, 44, 45. The
reprotonation of C-4 of glutaryl-CoA. A5 s and 60 min, polarization of glutaconyl-CoA responsible for hydration may
the P. fluorescengnzyme had undergone 0.27% and 31% also be involved in its decarboxylation since polarization
of a single turnover, respectively. It is likely that the low would delocalize the negative charge at C-4 of the crotonyl-
turnover of the bacterial enzyme reflected a low level of CoA anion following decarboxylation. The polarization may
oxidase activity. Oxidation of the dihydroflavin anion of the also lower the K, of the crotonyl-CoA anion. Thelf, of
dehydrogenases) may certainly contribute to rate enhance- acyl-CoA o-protons can be lowered by-43 K units by
ment of the decarboxylation reaction. However, it is clear polarization 84, 46, 47). Polarization affected through
that the oxidized enzyme has decarboxylase activity for hydrogen bonding of the carbonyl oxygen of thioesters is
which the driving force is likely the presence of the proposed to be involved in the decarboxylations catalyzed
y-carboxylate in a medium of low dielectric. The redox- by E. coli methylmalonyl-CoA decarboxylase and of gluta-
independent decarboxylase activity is not confined to the conyl-CoA byA. fermentanglutaconyl-CoA decarboxylase
mutant enzyme, Glu370GIn GCD. Wild-type GCD has (44, 48. It will be of interest to determine whether substrate
decarboxylase activity, as does the Arg94GIn mutant. Hy- polarization via the thioester carbonyl participates in the
dratase activity complicates analysis of the conversion of decarboxylation of glutaconyl-CoA.
glutaconyl-CoA to crotonyl-CoA by the wild-type protein.
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